The shrimp Rimicaris exoculata dominates the fauna in deep-sea hydrothermal vent sites along the Mid-Atlantic Ridge (depth, 2,320 m). Here, we identified and biochemically characterized three carboxyl esterases from microbial communities inhabiting the R. exoculata gill that were isolated by naive screens of a gill chamber metagenomic library. These proteins exhibit low to moderate identity to known esterase sequences (<52%) and to each other (11.9 to 63.7%) and appear to have originated from unknown species or from genera of Proteobacteria related to Thiothrix/Leucothrix (MGS-RG1/RG2) and to the Rhodobacteraceae group (MGS-RG3). A library of 131 esters and 31 additional esterase/lipase preparations was used to evaluate the activity profiles of these enzymes. All 3 of these enzymes had greater esterase than lipase activity and exhibited specific activities with ester substrates (<356 U mg ؊1 ) in the range of similar enzymes. MGS-RG3 was inhibited by salts and pressure and had a low optimal temperature (30°C), and its substrate profile clustered within a group of low-activity and substrate-restricted marine enzymes. In contrast, MGS-RG1 and MGS-RG2 were most active at 45 to 50°C and were salt activated and barotolerant. They also exhibited wider substrate profiles that were close to those of highly active promiscuous enzymes from a marine hydrothermal vent (MGS-RG2) and from a cold brackish lake (MGS-RG1). The data presented are discussed in the context of promoting the examination of enzyme activities of taxa found in habitats that have been neglected for enzyme prospecting; the enzymes found in these taxa may reflect distinct habitat-specific adaptations and may constitute new sources of rare reaction specificities.
M
etagenomics provides a means for the discovery of entirely new enzymes in microorganisms and their communities without the need to culture these microorganisms as individual species, which is technically very difficult (1) (2) (3) (4) (5) . Although the discovery of new enzyme activities has progressed considerably (6), it has not managed to go beyond the effective identification of enzymatic activities at a rather limited number of environmental sites. While an extensive search in the specialized literature and public databases indicated that microbial communities from approximately 1,800 different sites worldwide have been examined for their genomic content, only in approximately 200 of those locations (11% of the total) have new active clones or enzymes been identified and/or partially characterized. Thus, only a tiny fraction of the Earth's biosphere has been explored for the purpose of enzyme discovery, despite the fact that natural microbial diversity has been recognized to be the major source of new microbes (7) . Such diversity also contains novel genes and functions (8) whose activities remain mostly unknown but whose potential to contribute to an innovation-based economy is recognized (9, 10) .
One of the habitats less explored to date in terms of examining enzyme repertoires is the deep-sea realm, where microbial communities are shaped by salinity, pressure, and temperature (11) . The examination of a set of enzymes recently collected from freeliving bacteria from a number of deep-sea, salt-saturated marine habitats (3) reveals that deep-sea marine habitats harbor broad biochemical diversity reflective of the unique environmental conditions under which they evolved. An investigation of these enzymes also demonstrates that enzymes may constitute good model systems for understanding protein functionality and adaptation under multiple extremes. Although the deep sea is also home to macroorganisms and their associated microbial communities (12, 13) , to our knowledge, no previous investigation of the characteristics and habitat-specific adaptations of enzymes from microbial communities associated with deep-sea macroorganisms has been reported. Moreover, only a small number of enzymes from marine sponge-and marine mollusc-associated bacterial communities (14) (15) (16) (17) (18) have been characterized, none of which were isolated from marine habitats below a depth of 200 m. Most of these enzymes, for which limited biochemical data are available, show significant homology (54 to 100%) to known proteins, are halotolerant, and exhibit an activity-stability trade-off observed in cold-adapted enzymes (16) ; however, limited biochemical information is known with respect to their substrate profiles. Thus, our understanding of the metabolic significance and protein functionality of bacterial enzymes associated with macroorganisms living within extreme deep-sea habitats is limited.
In this study, we analyzed enzymes from the shrimp Rimicaris exoculata (Williams and Rona, 1986), which dominates the fauna at many hydrothermal vent sites along the Mid-Atlantic Ridge (Ͻ2,320 m depth). R. exoculata thrives along deep chimney walls in the gradient between hydrothermal fluids and cold, oxygenated, and slightly saline ambient waters (19) . Based on functional gene surveys, it was found that shrimp specimens, including adult R. exoculata, host a dense bacterial community within their gill chambers (12) . Such bacteria are known to provide energy and nutrients for the eukaryotic host by cometabolizing inorganic and organic compounds (e.g., H 2 and CH 4 ) directly discharged by the hydrothermal system (20) (21) (22) (23) (24) or obtained from the water column (25, 26) . It remains to be determined, however, how the multiple collective pressures characterizing the habitat in which R. exoculata thrives impact the properties and functional characteristics of microbial enzymes such as those from the gill chamber environment. Following on from this, we aimed to understand the influence of marine conditions, particularly the combined effects of salt, pressure, and temperature, on the properties and functional characteristics of enzymes, as well as to increase the number of characterized enzymes from deep-sea environments. We sequenced and analyzed the biochemical characteristics of three bacterial carboxyl esterases with an ␣/␤ hydrolase fold that were identified by naive screens of deep-sea microbiota associated with the gill chambers of R. exoculata shrimp inhabiting hydrothermal fluids along the Mid-Atlantic Ridge (Fig. 1) . These enzymes first were selected as model enzymes for study because they have been reported to be suitable enzymes to investigate protein functionality and adaptation to polyextremes (3), particularly as a function of temperature, salt, and pressure in deep-sea habitats. In this context, our recent investigation examining the characteristics of a set of esterases has provided the first clear evidence suggesting that, in salt-saturated deep-sea habitats, the adaptation to high pressure is linked to high thermal resistance by unknown structural adaptation mechanisms (3). Therefore, understanding the characteristics of other deep-sea enzymes, particularly esterases for which multiple biochemical data are available compared to other deep-sea enzymes (3), might help in understanding the phenomenon of protein versatility and adaptability to different polyextremes. Second, esterases were selected because they are ubiquitous enzymes that are widespread in nature (at least one per genome), multiple commercial preparations that are used at industrial scale are available, and biochemical data of such enzymes from a number of marine habitats (3, 27, 28) have been reported recently, which collectively may assist to perform an extensive comparative analysis. Finally, they are of great interest as biocatalysts for chemical synthesis (29) . A comparative analysis using a set of 31 different enzymes with esterase and lipase activity, including enzymes from marine (deep-sea, hydrothermal vent, and superficial seawater) and brackish water habitats and commercial
FIG 1
Global map displaying the locations of the deep-sea sites at which specimens of R. exoculata were sampled. Hydrochemistry data for the Mid-Atlantic Ridge (19, 20) preparations, allowed us to infer habitat-specific features of the gill-associated bacterial enzymes as well as to evaluate their specificities and reactivities. Note that two of the enzymes reported in this study originate from an unknown species or possibly from genera related to Thiothrix and/or Leucothrix, a group of organisms largely neglected with respect to enzyme discovery; only a small number of isolates from these genera are available, and no enzymes from these genera have been characterized.
MATERIALS AND METHODS
Metagenomic library, metagenome screening, and sequence analysis. Gill chamber samples were collected from R. exoculata specimens found at locations in the western flank of the Rainbow Ridge in the Atlantic Ocean (36°14=N, 33°54=W; 2,320 m depth; MAR site), where the average seawater temperature is 8.7°C (ranging from 3 to 25°C) ( Fig. 1) (19) . Total DNA was extracted from the gill chambers of the collected specimens as previously described (19) ; from this DNA, a large-insert pCCFOS1 fosmid library was generated using the Escherichia coli EPI300-T1 R strain (Epicentre Biotechnologies; Madison, WI, USA), and the library was scored for the ability to hydrolyze ␣-naphthyl acetate and tributyrin (27, 30) . Positive clones were selected, and their DNA inserts were sequenced using a Roche 454 GS FLX Ti sequencer (454 Life Sciences, Branford, CT, USA) at Life Sequencing SL (Valencia, Spain) or were completely Sanger sequenced using universal primers and subsequent primer walking. Upon completion of sequencing, the reads were assembled to generate nonredundant metasequences using Newbler GS De Novo Assembler v.2.3 software (Roche, Branford, CT, USA). GeneMark software (31) was employed to predict potential protein-coding regions (open reading frames [ORFs] with Ն20 amino acids) from the sequences of each assembled contig, and deduced proteins were screened using BLASTP and PSI-BLAST searches (32) . Multiple protein alignments were performed using the ClustalW program built into BioEdit software, version 7.0.9.0 (33). Domains with a significant propensity to form transmembrane helices were identified with TMpred software (ExPASy, Swiss Institute of Bioinformatics) (34) .
Protein expression and purification. The cloning, expression, and purification of selected proteins using the p15TV-Lic vector and E. coli BL21(DE3) Codon Plus-RIL (for MGS-RG3) and Ek/LIC 46 and E. coli BL22 (for MGS-RG1 and MGS-RG2) were performed as described previously (27) using the following primer pairs: MGS-RG1Fwd (5=-GAC GAC GAC AAG ATG ACT GAT TTG TTA CC-3=), MGS-RG1Rev (5=-GAG GAG AAG CCC GGT CAA ATC AAA AC-3=); MGS-RG2Fwd (5=-ATG ATG AAA AAT ATG TCA GAA TTA CC-3=), MGS-RG2Rev (5=-TTA TTT TAA TAT TTT TTG TAG CCA TGC C-3=); and MGS-RG3Fwd (5=-TTG TAT TTC CAG GGC ATG CAG GAA CTT CCC GAT GC-3=), MGS-RG3Rev (5=-CAA GCT TCG TCA TCA GGT CCG GAA CCG CGC CTT G-3=). Purity greater than 98% was obtained after a single His 6 tag purification step (see Fig. S1 in the supplemental material). After purification, all enzymes were maintained at a concentration of 2 mg ml Ϫ1 in 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer, pH 7.0; the protein stock solution was stored at Ϫ20°C until it was used in assays. All chemicals used for enzymatic tests were of the purest grade available and were purchased from either Fluka-Aldrich-Sigma Chemical Co. (St. Louis, MO, USA) or Apin Chemicals (Oxon, United Kingdom).
Hydrolase assays. Carboxyl esterase activity was assayed using p-nitrophenyl (pNP) esters (read at 410 nm) and structurally diverse esters other than pNP esters (read at 540 nm) in 96-well plates as previously described (27) . Unless stated otherwise, standard assay reactions were conducted by adding 2 l of the 2 mg ml Ϫ1 protein stock solution to an assay mixture containing 2 l of ester stock solution (100 mM in acetone [for pNP esters] or acetonitrile [for other esters]) in 196 l of 50 mM Tris-HCl buffer, pH 8.0 (for pNP esters), or 5 mM N-(2-hydroxyethyl) piperazine-N=-(3-propanesulfonic acid) (EPPS) buffer, pH 8.0 (for other esters). The final volume of the assay was 200 l, and the final protein and substrate concentrations were 10 g ml Ϫ1 and 1 mM, respectively. All assays were conducted at pH 8.0 at the optimal temperature for each enzyme (MGS-RG1, 45°C; MGS-RG2, 50°C; MGS-RG3, 30°C). In all cases, absorbance was determined using a microplate reader every 1 min for a total time of 15 min (Synergy HT multi-mode microplate reader; BioTek). All reactions were performed in triplicate. One unit of enzyme activity was defined as the amount of enzyme required to transform 1 mol of substrate in 1 min under the assay conditions. All values were corrected for nonenzymatic hydrolysis (background rate). If not otherwise stated, 1 mM pNP-propionate was used as the standard assay substrate for the determination of the conditions under which each enzyme displayed activity; pH values between 4.5 and 9.0 (at the optimal temperature), temperatures between 4 and 80°C (using 50 mM Tris-HCl buffer, pH 8.0), and NaCl, KCl, and MgCl 2 concentrations of up to 4 M (using 50 mM Tris-HCl buffer, pH 8.0, and optimal temperatures) were tested. The buffers used to determine the optimal pH for each enzyme have been described previously (3, 27) .
Pressure perturbation studies. The effect of hydrostatic pressure on enzymatic activity was analyzed by placing the reaction mixtures in a high-pressure incubating system consisting of a 2-ml high-pressure cell connected to a pressure generator (High Pressure Equipment, Erie, PA, USA) capable of generating pressures of up to 10,000 lb/in 2 . Two pressure values were examined: 23,000 and 35,000 kPa. A total of 20 g of pure protein was added to 20 ml of freshly prepared 50 mM Tris-HCl buffer, pH 8.0, containing 1.0 mM pNP-propionate. A total of 2 ml of the reaction mixture was immediately transferred to the high-pressure reactor, and a separate 2-ml aliquot of the mixture was kept at atmospheric pressure. The experiments were performed at 25°C. In all cases, reactions without protein were used as negative controls. After incubation for 5 min, the samples were immediately depressurized, and the extent of the reaction was monitored by spectrophotometry at 410 nm (as described above). All experiments were performed in triplicate. Note that reactions were performed in (i) the absence of salt, (ii) the presence of 23.03 g kg Ϫ1 NaCl, which corresponds to the habitat salinity (19) , and (iii) the presence of NaCl concentrations required for optimal enzyme activity. In all three cases, similar effects by pressure on enzyme activity were found, and only data in the absence of salt are presented.
CD. Circular dichroism (CD) spectra were acquired between 190 and 255 nm using a Jasco J-720 spectropolarimeter equipped with a Peltier temperature controller (4 to 95°C); the spectra were obtained using a 0.1-cm-path cell and were conducted at 25°C. The protein concentration was determined spectrophotometrically at 280 nm in accordance with the amino acid sequence of the protein (www.expasy.org/tools/protparam .html). The spectra were analyzed, and denaturation temperatures were determined in 50 mM HEPES buffer, pH 7.0, at 220 nm as previously reported (35, 36) .
Taxonomic binning. Protein-coding genes in fosmid sequences were predicted using GeneMark software (31) and the antiSMASH server (37) and then were checked manually using the Artemis browser (38) . The predicted protein sequences were aligned against the National Center for Biotechnology Information nonredundant (NCBI nr) database using a BLASTP search. Taxonomic binning of the orphan sequences in fosmids was performed by summarizing the top significant BLASTP hits with E values of Յ0.00001. Additionally, genes encoding esterases and their closest homologs identified by BLASTP were compared by patterns of codon usage biases predicted using a Web-based codon usage calculator (39) . Composition-based binning of fosmids was performed using the GOH-TAM web server (40) . The dissimilarity in synonymous codon usage between two genes was calculated as the Pearson correlation between vectors of fraction values for 59 codons (41) . Compositional similarity between fosmid insert sequences was estimated using the SeqWord Genome Browser (42) .
Sequence and substrate profile distributions. Multiple protein alignment was conducted using the MUSCLE application in BioEdit software (33) with default settings (43) . The resulting alignment then was used for phylogenetic reconstruction. A neighbor-joining tree was constructed in MEGA v.6.06 (44) using the settings for the Poisson model and homogenous patterning between lineages. Bootstrap analysis was done with 1,000 sample trees. The scale bar in the figure reflects the number of substitutions per position. Clustering of the substrate spectral profile based on a binomial distribution of the presence or absence of activity for particular ester substrates was performed, and Pearson's correlation coefficient was used to calculate the distances.
Nucleotide sequence accession numbers. The DNA sequences of the carboxyl esterase-positive metagenomic DNA fragments and the polypeptide sequences of the enzymes were deposited in GenBank under the accession numbers KF831416 (for MGS-RG1), KF831417 (for MGS-RG2), and KC986402 (for MGS-RG3).
RESULTS

Metagenome library construction and screening for carboxyl esterase activity.
A subset of the 27,200 clones from the R. exoculata gill chamber microbiome library generated in this study, which included nearly 816 Mbp of community genomes, was scored for the ability of individual clones to hydrolyze ␣-naphthyl acetate, as reported previously (30) . The subset of clones also was screened for carboxyl esterase activity using tributyrin plates (30) . Hydrolysis of both substrates was indicative of esterase/lipase activity. A total of 10 unique positive clones, corresponding to a hit rate of 1:2,720, were identified as active; 3 of these were selected based on activity phenotype (they were among the most active, as judged by their halos/color formation). The inserts were sequenced, analyzed, and compared to the sequences available in the public NCBI nr database (32) . Three predicted metagenome sequence (MGS)-encoding carboxyl esterases from Rimicaris gill chambers and with an ␣/␤ hydrolase fold were identified and successfully expressed as soluble proteins in E. coli (see Fig. S1 in the supplemental material), and their properties were investigated. These three proteins were named MGS-RG1, MGS-RG2, and MGS-RG3 (Table 1) .
Sequence analysis of carboxyl esterases from the Rimicaris gill chamber microbiome. Based on BLAST searches of the NCBI nr database, the 3 studied protein sequences belong to the ␣/␤ hydrolase superfamily and had up to 58% sequence identity with homologous proteins in this database. The MGS-RG1 and MGS-RG2 proteins were most similar to presumptive carboxyl esterases from bacteria of the Thiotrichales order (41 to 58% similarity; WP_022950445 and Protein Data Bank [PDB] code 4F21 [45] ), whereas MGS-RG3 was most similar to ␣/␤ hydrolases from Rhodobacteraceae (53% similarity; WP_005862880) and esterases/ lipases from uncultured bacteria (41% similarity; PDB code 3V46). The deduced molecular masses and estimated pI values of these proteins ranged from 24.9 to 30.69 kDa and from 5.07 to 5.51, respectively ( Table 1 ). The pairwise amino acid sequence identity ranged from 11.94% to 63.7%; MGS-RG1 and MGS-RG2 were the most similar to each other (63.7% sequence identity), whereas MGS-RG1 and MGS-RG3 (17.3%) and MGS-RG2 and MGS-RG3 (11.9%) were the most divergent at the sequence level. The selected ␣/␤ hydrolases contain a classical Ser-Asp-His catalytic triad, but the catalytic elbow and oxyanion hole [i.e., the GXSXGG and H/N-GGG(A)/P-X motifs] often diverged from the consensus, as revealed by sequence analysis (Table 1) . Nonetheless, the degree of sequence conservation among these catalytic motifs and in the overall enzyme sequence was sufficient to categorize the enzymes into the following two esterase/lipase subfamilies (46) (47) (48) : family VI (MGS-RG1 and MGS-RG2) and family IV (MGS-RG3) (see Fig. S2 in the supplemental material). No significant rigorously confirmed transmembrane regions were identified in any of the sequences with TMpred (34); thus, the proteins most likely are intracellular proteins.
A search against the GOHTAM database (40) and TBLASTX analysis revealed compositional similarities between the DNA fragment (6,756 bp) containing the gene for MGS-RG3 with genomes of the alphaproteobacterial genus Rhodobacteraceae (best hit score, 248), whereas the DNA fragments encoding MGS-RG1 (24,228 bp) and MGS-RG2 (29,267 bp) exhibited similarity to chromosomal sequences of Gammaproteobacteria. A BLASTP search demonstrated that the MGS-RG1-and MGS-RG2-coding genes were most similar to those found in the Thiothrix/Leucothrix genomes (49) (50) (51) . DNA fragments bearing MGS-RG1, MGS-RG2, and MGS-RG3 do not include any insertion sequence elements, integrases, or any other phage-or conjugative plasmidassociated genes. The tetranucleotide usage patterns of MGS-RG1 and MGS-RG2 were similar to each other and homogenous for 5,000-bp sliding windows stepping by 500 bp. MGS-RG3 was too short for the above-described analysis of oligonucleotide word usage patterns to be performed using the SeqWord Genome Browser (42) . The esterases encoded by MGS-RG1 and MGS-RG2 exhibited very similar synonymous codon usage, with Pearson correlations from 0.81 to 0.84, but they were distinguishable from patterns of synonymous codon usage biases in the homologous genes from Thiothrix and Leucothrix; for these, the Pearson correlation coefficient was in the range of 0.42 to 0.52. It may be concluded that MGS-RG1 and MGS-RG2 originated from chromosomes of organisms closely related to the Thiothrix/Leucothrix lineage, although these two proteins were not members of these genera. This agrees with the close phylogenetic positioning of the sequences encoding such esterases (see Fig. S2 in the supplemental material).
Determination of the requirements for enzyme activity. Using pNP-propionate as a model substrate, the purified proteins G123-D124-S125-A126-G127-G128
H55-G56-G57-G58-Y59 Possibly IV a Consensus GXSXG-lipase motifs are given for families (46) (47) (48) . Family IV, GDSAGG; family VI, NGGPG.
exhibited optimal activities at pH values ranging from 8.0 to 8.5 (see Fig. S3 in the supplemental material). At the optimal pH for each enzyme, MGS-RG1 and MGS-RG2 were most active at 45 and 50°C, respectively, and retained Յ16% activity at Ն65°C and 4°C (Fig. 2) . In contrast, MGS-RG3 was most active at lower temperatures (its maximal activity occurred at 30°C) and retained approximately 40% activity at 4°C, whereas it was strongly inhibited at Ն45°C. The temperatures found to be optimal for the activity of each enzyme are in agreement with the corresponding protein-denaturing temperatures, as determined by circular dichroism (MGS-RG1, 47.6°C; MGS-RG2, 53.3°C; MGS-RG3, 42°C) ( Table 2 ). The enzymatic activities of purified MGS-RG1/MGS-RG2 proteins, tested at optimal pH and temperature, were further shown to be stimulated up to 2.4-fold by the addition of NaCl, KCl, and MgCl 2 to the reaction mixture (Fig. 3) . Maximal activity for MGS-RG1 and MGS-RG2 was achieved at 3.6 and 3.2 M for NaCl, 3.0 and 2.4 M for KCl, and 0.8 and 0.4 M for MgCl 2 , respectively. In contrast, MGS-RG3 was strongly inhibited by all three salts (Fig.  3) . Note that at 2 M NaCl, commercial esterase/lipase preparations, such as CalA, CalB, Novozym 388 L, and porcine liver esterase (PLE), retained Յ9.1% of the activity they display in the absence of salt (Table 2) .
Because pressure is one of the most representative environmental parameters of deep-sea habitats, including hydrothermal vents, the influence of hydrostatic pressure (23,000 and 35,000 kPa) on enzyme performance was further evaluated in high-pressure 2-ml reactors at pH 8.0 and 25°C as described in Materials and Methods. The data presented in Table 2 show that MGS-RG1 and MGS-RG2 are barophilic enzymes; at 23,000 kPa, corre- ). The specific activities were calculated using 2 g of protein and 1 mM pNP-propionate as the assay substrate at pH 8.0 in 50 mM Tris-HCl, as described in Materials and Methods. Standard deviations (SDs) of the results of assays conducted in triplicate are shown. sponding to the site pressure at 2,320 m (19), both enzymes were activated (Ն1.4-fold), and at 35,000 kPa, they retain Ն97.7% of the activity they display at atmospheric pressure. In contrast, under our assay conditions, MGS-RG3 was inhibited by high pressure (77.9% and 57.2% activity at 23,000 and 35,000 kPa, respectively). Under similar conditions of pH and temperature for assays, commercial esterase/lipase preparations, such as CalA, CalB, Novozym 388 L, and PLE, retained at pressure above 23,000 kPa Յ8% of the activity they display at atmospheric pressure.
Taken together, we found that the two barotolerant and moderately halophilic proteins (MGS-RG1 and MGS-RG2) exhibited the highest optimal temperatures (45 to 50°C), whereas the nonbarophilic and nonhalophilic MGS-RG3 protein displayed the lowest optimal temperature (30°C).
Substrate fingerprints: activity against rare, chemically distinct esters. A total of 131 ester-like chemicals were used to evaluate the substrate ranges and specific activities (U mg Ϫ1 ) of the three enzymes at pH 8.0 and at optimal temperature. These chemicals included 11 model esters (7 pNP esters and 4 triacylglycerols) (Fig. 4) , as well as a battery of 120 structurally different esters (3, 6, 27, 28, 37, 53) (Fig. 5) . Substrate fingerprints revealed that MGS-RG3 (17 positive substrates) exhibited a relatively narrow substrate range compared to those of MGS-RG2 and MGS-RG1, which were active against a larger number of substrates (32 and 37 positive substrates, respectively).
All three ester hydrolases from the ␣/␤-hydrolase family preferred short-to-medium-chain-length pNP-esters and triacylglycerols (Fig. 4) and alkyl, alkenyl, and/or aryl esters but with different orders of preference (Fig. 5) . Based on determinations of the specific activity for each enzyme, methyl benzoate (for MGS-RG1; 25.23 Ϯ 0.95 U mg Ϫ1 ), methyl 2-bromopropionate (for MGS-RG2; 40.7 Ϯ 0.3 U mg Ϫ1 ), and pNP-butyrate (for MGS-RG3; 356.3 Ϯ 1.2 U mg Ϫ1 ) were the preferred substrates for these enzymes. The activity ratio between the most and least active enzymes was approximately 1:14.
As shown in Fig. 5 , among esters other than common pNPesters and triacylglycerols, only phenyl acetate was hydrolyzed by all three enzymes, suggesting that these enzymes exhibited a high substrate profile divergence. MGS-RG1 and MGS-RG2 were the most similar, in that they were able to hydrolyze 14 common sub- ) compared with the maximum activity (100%). The specific activities were calculated using 2 g of protein and 1 mM pNP-propionate as assay substrate at pH 8.0 (50 mM Tris-HCl), and the assays were conducted at the optimal temperature for each enzyme (MGS-RG1, 45°C; MGS-RG2, 50°C; MGS-RG3, 30°C) as described in Materials and Methods. The SDs of the results of assays conducted in triplicate are shown. The activity of each enzyme in the absence of salt is given in the legend to Fig. 2. strates, albeit to different extents; this finding is consistent with their high sequence homology (63.7%) and similar taxonomic origins. However, 13 of the tested esters, including 8 halogenated esters (ethyl chloroacetate, ethyl fluoroacetate, ethyl-2-bromopropionate, methyl-2-chloropropionate, methyl-2-chloro-3-hydroxypropionate, ethyl-4-bromobutyrate, ethyl-3-bromopropionate, and ethyl-␣-isobromobutyrate), methyl glycolate, methyl butyrate, ethyl-trans-cinnamate, butyl acetate, and methyl benzoate, were hydrolyzed only by MGS-RG1. Nine esters were hydrolyzed only by MGS-RG2; they included three halogenated esters [methyl 2-bromopropionate, methyl bromoacetate, and methyl (Ϯ)-␣-bromophenylacetate], caproic acid methyl ester, methyl-(R)-lactate, methyl-(S)-lactate, ␥-butyrolactone, ␣-D-glucose pentaacetate, and tri-O-acetyl-(D)-glucal. Thus, despite the high sequence homology of these enzymes, distinct substrate preferences were observed; these preferences may be related to distinct architectures and/or to the accessibility of various substrates to the active sites of the enzymes. Finally, MGS-RG3, which shared only 5 common substrates with MGS-RG1 and 3 common substrates with MGS-RG2, was the only enzyme of the 3 able to hydrolyze 4 esters, including vinyl benzoate, (R)-menthyl acetate, ethyl 4-bromobutyrate, and methyl chloroacetate.
The ability to hydrolyze halogenated alkyl and aryl esters (including those containing bromide, chloride, fluoride, and iodide) was demonstrated for MGS-RG1 (16 esters), MGS-RG2 (9 esters), and MGS-RG3 (4 esters). Based on specific activity determinations (U mg Ϫ1 ) and using optimal substrates for each enzyme (Fig.  5) , MGS-RG2 was found to be the most active carboxyl esterase for haloesters (40.7 Ϯ 0.3 U mg Ϫ1 for methyl 2-bromopropionate), followed by MGS-RG1 (7.55 Ϯ 0.06 U mg Ϫ1 for ethyl-␣-isobromobutyrate) and, to a far lesser extent, MGS-RG3 (1.66 Ϯ 0.01 U mg Ϫ1 for ethyl iodoacetate). The activity ratio between the most active and least active enzymes for the hydrolysis of haloesters was approximately 1:25. Notably, whereas MGS-RG2 only degraded bromide-containing esters, MGS-RG1 and MGS-RG3 acted on iodine, chloride, and bromide esters (Fig. 5) . Finally, it is notable that methyl-2-bromo-2-butenoate, which was used as a model alkenyl haloester, was the only such substrate for MGS-RG2 (9.76 Ϯ 1.08 U mg Ϫ1 ), followed to a far lesser extent by MGS-RG1 (0.162 Ϯ 0.03 U mg Ϫ1 ). MGS-RG2 utilized tri-O-acetyl-glucal (0.286 Ϯ 0.04 U mg Ϫ1 ) and the carbohydrate ester ␣-D-glucose pentaacetate (0.373 Ϯ 0.011 U mg Ϫ1 ) as substrates, while the hydroxycinnamic-like ester ethyl-trans-cinnamate was a substrate for MGS-RG1 (4.57 Ϯ 0.06 U mg Ϫ1 ) (Fig. 5) . The hydrolysis of such compounds is commonly associated with polysaccharide (including mucus) degradation (54) (55) (56) .
Finally, under our assay conditions, all three carboxyl esterases ) against a set of structurally diverse substrates was measured using 2 g protein at pH 8.0 in 50 mM Tris-HCl buffer for pNP-esters and 5 mM EPPS buffer for triacylglycerols, and the assays were conducted at the optimal temperature for each enzyme (MGS-RG1, 45°C; MGS-RG2, 50°C; MGS-RG3, 30°C) as described in Materials and Methods. The SDs of the results of assays conducted in triplicate are shown.
FIG 5
Substrate profiles of the activities of carboxyl esterases from microorganisms inhabiting the gill chamber of R. exoculata compared with those of a set of structurally distinct esters. The specific activities (U mg Ϫ1 ) of each enzyme were measured against a set of structurally diverse substrates using 2 g of protein at pH 8.0 in 5 mM EPPS buffer, and the assays were conducted at the optimal temperature for each enzyme (MGS-RG1, 45°C; MGS-RG2, 50°C; MGS-RG3, 30°C) as described in Materials and Methods. The SDs of the results of assays conducted in triplicate are shown. also were found to be enantioselective to different degrees for 5 chiral esters, which were found to serve as substrates for these enzymes (Fig. 5) . Whereas methyl-(Ϯ)-mandelate, (Ϯ)-glycidyl-4-nitrobenzoate and (Ϯ)-methyl-3-bromo-2-methyl propionate were hydrolyzed by MGS-RG1 and MGS-RG2, methyl-(Ϯ)-lactate was a substrate for MGS-RG2 only, and menthyl-(Ϯ)-acetate was a substrate for MGS-RG3 only. The specific activities of the three enzymes for chiral esters ranged from 0.021 Ϯ 0.006 to 10.97 Ϯ 1.18 U mg Ϫ1 , and methyl-(S)-3-bromo-2-methyl propionate was the preferred chiral substrate. Based on a calculation of the apparent enantiomeric ratios for separate enantiomers (6), the enantiomeric ratios and substrate preferences are tentatively the following: Substrate fingerprints: comparison with known enzymes. The substrate profiles of the enzymes reported in this study against a set of 131 ester substrates (see the section on materials and methods in the supplemental material) were compared to a set of wellcharacterized commercial preparations with high substrate versatility (including CalA, CalB, Novozym 388 L, and PLE) and a set of carboxyl esterases obtained via genomic mining of marine bacteria (ABO_1197, ABO_1251, CCSP0084, CCSP0211, CCSP0528, and CCSP2178) or via metagenomic approaches of communities from marine (27, 28) and brackish sediment samples (6) .
A cluster analysis (Fig. 6A) , which was generated from a binomial distribution based on the presence or absence of activity at 30°C and at pH 8.0 against the set of 131 different esters used in this study and reported previously (3, 6, 27, 28, 37, 53) , revealed that the three characterized carboxyl esterases clustered separately, consistent with the finding that they possess different substrate spectra (Fig. 4 and 5) . Notably, the positioning of the enzymes based on their substrate profiles did not correlate with the scattered positioning based on sequence analysis (see Fig. S2 in the supplemental material), suggesting that the phylogenetic positions of these enzymes are independent of their biochemical profiles.
As shown in Fig. 6A , a number of observations can be made from the data. First, MGS-RG1 clustered more closely with a group of enzymes from marine (28) and brackish lake (6) samples that have been reported to be cold adapted and that show a broad substrate range. Interestingly, MGS-RG2 was functionally closer and possesses a substrate spectrum similar to that of a group of enzymes with a substrate portfolio of medium size; this group includes a recently reported carboxyl esterase isolated from a 100-m-depth seawater sample obtained from a hydrothermal vent at Saint Paul Island (3). Finally, MGS-RG3 is located within a group of enzymes with a highly restricted substrate range; this group includes two enzymes from deep-sea saline lakes in the Mediterranean Sea (3) and enzymes from oil-contaminated seawater samples (27) . Of the enzymes tested, MGS-RG1 was the only enzyme able to hydrolyze methyl-2-Br-propionate. In addition, MGS-RG1 and MGS-RG3 showed various capacities to hydrolyze (R,S)-glycidyl 4-nitrobenzoate and methyl-2-bromo-2-butenoate, esters that otherwise were hydrolyzed only by MGS-HA1, an enzyme isolated from a hydrothermal vent (3).
DISCUSSION
Hydrothermal vents in the Mid-Atlantic Ridge hosting the deepsea hydrothermal vent shrimp R. exoculata (19) lie 2,320 m below sea level, exhibit a salinity slightly lower than that of seawater (ϳ23.03 versus ϳ35.5 g kg Ϫ1 ), and are characterized by high pressure (ϳ23,000 kPa) and by a moderately low-to-warm temperature gradient that consistently ranges from 3 to 25°C (19) . Using a metagenomic approach, the DNA of microbial communities inhabiting the gill chamber of R. exoculata was harvested and cloned to establish the fosmid library, which was used to screen for enzymatic activities of interest. This screening led to the discovery of three new carboxyl esterases, which were biochemically characterized after expression in a surrogate microbial host (E. coli). The results of this study demonstrate that microbes associated with the gill chamber of R. exoculata contain biochemically heterogeneous carboxyl esterases belonging to the ␣/␤-hydrolase family; the properties of the newly discovered esterases correlate with their differing bacterial origins and most likely with different adaptations of their hosts to the prevailing environmental conditions.
The taxonomic distribution of top protein hits, as well as genome linguistics analysis, suggested that the metagenomic fragments containing these enzymes belong to Alphaproteobacteria (Rhodobacterales) and Gammaproteobacteria (unknown species or a genus related to Thiothrix and/or Leucothrix) from the R. exoculata gill chamber. This finding is consistent with the fact that Alphaproteobacteria and Thiothrix/Leucothrix (the closest cultured relative of which is the sulfur-oxidizing bacterium L. mucor [57] ) accounted for approximately 4% and 7.5%, respectively, of the total R. exoculata gill chamber microbial population, as reported earlier, and that they were absent from the habitat seawater (19) . Notably, Thiothrix/Leucothrix-related bacteria are of interest not only because of their location in a presently genomically uncharacterized region of the tree of life (51) but also because no functional data with respect to their metabolic capacities or their enzyme arsenal have been reported in the specialized literature.
The activity levels of the characterized enzymes (maximum for best substrates of 25.2 to 356 U mg Ϫ1 , depending on the carboxyl esterase) are in the range of other reported enzymes with esterase and lipase activity from macroorganism-associated microbiota. The only such enzymes previously reported are associated with marine sponges and have maximum activities of 2.8 to 2,700 U mg Ϫ1 (15, 16) . The activity levels of the esterases reported here against ester substrates under conditions similar to those used in this study were similar to or somewhat lower than those of commercial preparations, as well as to those of previously reported enzymes isolated from marine seawater and from brackish water (average of up to 1,227 U mg Ϫ1 ) (Fig. 6B) . Their activities also were comparable to the activities of previously characterized carboxyl esterases from Mediterranean deep-sea locations (average, 54.5 U mg Ϫ1 [3] ) and other marine deep-sea sediment (ϳ1.70 to 560 U mg Ϫ1 [58] [59] [60] ). The specific activities of these enzymes also were in the range of that observed for most similar proteins (34 to 39% sequence identity) that have been characterized (150 to 2,500 U mg Ϫ1 [61, 62] ). Further, the biochemical properties of the novel carboxyl esterases reported in this study revealed that although all three enzymes showed an activity-stability trade-off characteristic of coldadapted enzymes, MGS-RG1 and MGS-RG2 exhibit higher temperature windows and greater thermostability than MGS-RG3. This finding is in agreement with the stability trade-off found via determination of the aggregation/denaturation temperatures (T d ) of these enzymes. Thus, the T d s for MGS-RG1 (47.6°C) and MGS-RG2 (53.3°C) are higher than the T d for MGS-RG3 (42.0°C). The T d for the first subgroup of enzymes is comparable to that of the OLEI01171 carboxyl esterase from the cold-adapted marine bacterium Oleispira antarctica RB-8 (45.7°C), as well as to those of previously described esterases from superficial seawater (45.7 to 48.1°C [28] ) and deep-sea (40.3 to 71.4°C [3] ) ( Table 2) and mesophilic bacteria (51 to 60°C [63] ), whereas that for MGS-RG3 is slightly lower. The higher (for MGS-RG2) and lower (for MGS-RG3) T d s are consistent with the fact that MGS-RG2 was the most active of the three enzymes at 55°C (70% of maximal activity), and that MGS-RG3 was the most active at 4°C (40% of maximal activity). The optimal temperatures for the activities of MGS-RG1 (45°C) and MGS-RG2 (50°C) are within the range of optimal temperatures of most similar characterized enzymes, including the top hit, EstB, from Pseudomonas fluorescens (34 to 37% amino acid sequence identity; UniProtKB/Swiss-Prot code Q51758.1), which has an optimal temperature for activity of 45°C (61) . A similar observation was made for MGS-RG3; in that case, the most similar previously characterized hydrolase, MLH (39% amino acid sequence identity), showed an optimal temperature of 30°C and similar residual activity at low temperature (50% of the maximum activity at 10°C; UniProtKB/Swiss-Prot code Q9EX73.1 [62] ). Differences in optimal temperature of at least 10 to 20°C between the two groups of enzymes investigated in this study also have been reported for several carboxyl esterases from the marine bacteria Alcanivorax borkumensis SK2 (28) and Oleispira antarctica RB-8 (64), as well as from uncultured bacteria from seawater samples (28) , suggesting that such heterogeneous profiles are common in cold or moderate-temperature marine habitats.
Similarly, while the MGS-RG1 and MGS-RG2 enzymes exhibited similar hyperactivation at high salt concentrations and similar resistance to high pressure, MGS-RG3 exhibited low remaining activity in the presence of salt and pressure. Because salt and temperature dependence have not been reported for most similar enzymes, a direct comparison could not be done. However, examination of the effect of salt concentration on the activities of metagenomic esterases (3, 28) revealed that heterogeneous effects also are common among enzymes found in marine habitats, including deep-sea habitats (Table 2) . Notably, the level of activation of both MGS-RG1 and MGS-RG2, which was as high as 2.4-fold at 3.2 to 3.6 M salt, and the significant pressure tolerance of these enzymes (Ͼ97% at 35,000 kPa) are similar to the salt and pressure dependence reported for other deep-sea enzymes (3), with similar optimal temperatures for activity. This is an important factor, because it was recently found that the development of enzymes (i.e., MGS-M2 [ Table 2 ]) with higher optimal temperatures for activity by organisms in deep-sea environments can be linked to pressure and salt resistance, implicating yet-unknown mechanisms in this type of adaptation (3). In agreement with this, MGS-RG3, which exhibits low resistance to salt and pressure, was cold adapted, whereas the halophilic and barotolerant MGS-RG1 and MGS-RG2 enzymes were more active at moderate temperatures.
The different sensitivities of the three enzymes to environmental constraints, namely, temperature, pressure, and salinity, also were reflected at the level of reaction specificities and reactivities, with MGS-RG1 and MGS-RG2 being at least 14-fold less active than MGS-RG3 yet capable of accepting a broader range of ester substrates. Based on these findings, we speculate that the existence of two distinct subgroups of these enzymes based on their biochemical properties is a direct consequence of the different bacterial origins of the enzymes, as well as of the different adaptation capacities of the corresponding bacterial hosts to the prevailing environmental conditions (pressure, salinity, and temperature). In addition, we infer that such differences also become marked at the highest level of functional hierarchy, that is, in relation to the substrate spectra of the enzymes, differences that are likely to support the different abilities of the corresponding bacterial hosts to metabolize nutrients. In agreement with this, we found that, in contrast to MGS-RG3, MGS-RG1 and MGS-RG2 are able to hydrolyze triacylglycerols; (non)halogenated alkyl, alkenyl, and aryl esters; lactones; chiral epoxides; and/or cinnamoyl and carbohydrate esters to similar extents. Such broad promiscuity is rare among enzymes with esterase and lipase activity (6, 28) . In addition, both MGS-RG1 and MGS-RG2 can support polysaccharide degradation, an enzymatic activity that is critical for the ecological success of microorganisms in deep-sea environments, as well as for the utilization by these microorganisms of nutrients produced or liberated by the host in the gill chamber (50, 56) . The polysaccharide degradation capability of these enzymes was demonstrated by their ability to degrade tri-O-acetyl-glucal, ␣-D-glucose pentaacetate, and ethyl-trans-cinnamate.
Finally, it should be emphasized that R. exoculata has been reported to move from one vent to another; thus, the microbes inhabiting the gill chamber of this species might contain versatile enzymes capable of adaptation to environmental and nutrientavailability gradients. This hypothesis is supported by the results presented here, which demonstrate the heterogeneous salt, pressure, and temperature dependence and stability tradeoff of the three enzymes investigated. As shown in Fig. 2 and 3 and Table 2 , all three enzymes, albeit to different extents, showed enzymatic activity under the relevant conditions in the hydrothermal vent (3 to 25°C; 23.03 g kg Ϫ1 salt [or 0.42 M NaCl]; pressure, 230 atm at depth of 2,320 m). In addition, the heterogeneous substrate profiles of the three enzymes also agree with previous considerations. Further experimental evidence on this issue with a larger set of enzymes will be required to determine whether heterogeneity is common in other marine habitats. Related to this point, Fig. 6A of our work clearly shows that 3 of 4 enzymes from the polyaromatic-degrading marine bacterium Cycloclasticus sp. strain ME7 (CCSP codes), 2 from seawater at Kolguev Island (K codes), 2 from deep-sea Medee Lake (MGS-M codes), 3 from other deepsea habitats (MGS-B/K/MT codes), 7 from a karst lake (LAE codes), and a set of 5 from oil-contaminated marine seawater samples and bacteria isolated from those samples (ABO codes and MGS0105, MGS0109, and MGS1010) formed separated homogeneous clusters in their reactivity profiles. Accordingly, the fact that other enzymes from different locations were ranked functionally closer to each other compared to enzymes from other locations while those from R. exoculata were scattered within the reactivity-based tree may support the existence of a wide functional heterogeneity in the gill chamber of R. exoculata. Note that the substrate profiles of the enzymes reported in this study also differ significantly from those of the most similar (34 to 39% sequence identity) characterized enzymes (61, 62) ; thus, structural factors may account for such differences.
Using a library of structurally diverse esters, we further demonstrated that the enzymes described in this study are characterized by high hydrolytic rates and broad substrate spectra together with enantioselectivity, all of which are desired features for biocatalysis. As an example, an enantiomeric ratio greater than 20 typically is associated with hydrolases with high enantioselectivity (6) . Notably, the high and broad activity of these enzymes toward halogenated esters also may be of use in the optical enrichment of starting haloesters (65) . We also found that while MGS-RG1 accepts methyl benzoate as the substrate, MGS-RG3 accepts only vinyl benzoate; therefore, we speculate that MGS-RG1 and MGS-RG3 can be used for selective transesterification procedures that rely upon irreversible benzoylation with methyl or vinyl esters (66) .
The enzyme characteristics and versatile reactivity of the enzymes reported in this study, from a biochemically unexploited marine habitat and from a neglected taxonomic group of bacteria associated with macroorganisms inhabiting deep-sea hydrothermal vents, must be further evaluated and exploited on a larger scale.
Finally, one question that might rise after examining the phylogenetic positioning of sequences (see Fig. S2 in the supplemental material) and the biochemical clustering (Fig. 6 ) of all deep-sea enzymes, including the ones reported here, is whether the evolution of these model enzymes suggests any particular constraint in the deep-sea environment. The limited number of esterases (about 8) from deep-sea environments identified and characterized to date (3) does not allow us to reach a clear-cut conclusion. However, the distinct placement of some of the deep-sea enzymes at the level of substrate profiles (i.e., MGS-MT1, B1, K1, M1, and M2) (Fig. 6 ) and at the level of sequence (see Fig. S2 ) may point at the drivers of the evolution of enzymes in the deep sea. However, before drawing any conclusions, a further experimental analysis with a larger set of deep-sea enzymes is needed.
